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ABSTRACT

Slass tubes, Initially metailizec «ith tnin
layers of chromium and copper, were eiactricidted win
copper and hlack chrome. The op%ica. properties of
the black-chrome-plated tubes were exceiient witn
1g * 0.94 and cyy (250C) = N.NB. Thermal-cycling
tests of the ftubes reveaied relativciy stabie Jotlcal
properties until temperat.res arcund 4000C {n vac..um
were reached.

1. Introduct!on

Commercially avallable evacuated tubular collectors lETL‘-s)“'z are

tvpically of 3ll-glass dewar-type construction. The nutsie surface >t tne
{rner glass tube 1s coated with a --lar-seiective absotber film, typicai.v
vapor deposited in a batch-mode vacuum coater. These selentive ahsorer
29a%{ngs have solar absorptivities ‘. in the range 1.75 to 2.RS, anu
enissivities <o (25°0) in the range 0.05 to 0.78.

Because snlar absorptivities above 0.9 can (and shouls) be abtained fir
solar-selective absorber, and becuuse a less expens!se method thar hHal.h-mue
vapoir-odeposi’ion would be desirsble, an electroplated hlack-chrome caating )n
21255 *ubes was fried In these experiments FElectroplated hiick-:hrome !+ the
current favorite among select!ve cuatings because of {%s duranlilty iin nigh
humiimy ang 3% temperatures up *o 350°7) and good optica. nripertled
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(n.92 < 3, < 0.95 and 0.08 < ep, (25°C) < 0.12). At the temperatures
and concen*ration ratios where ETCs are likely to be used, gains in 2, are
favored aver 2quivalent increases in ETH'J This¢ means that increasing

2 from 0,85 to 0,95 at the expense of increasirg €N from 0.05 to 0.15

woul!” result in an overall performance gain. The high values of a

r-—sistentlv obtained with electroplated black chrome suggestea its use in

+-~rse oxperiments. In fact, values of a, = C.94 and Err (25°c) = 0.08

«i:-a ohtained, representing an Increase ina s of 0.09 for an increase in

“y; 2f only 0.03 from thnse commercial ETCs having the highest absorptivities.
Fallowing sections of this paper will describe the experimental proceaure

©-- alectropiating black-chrome on glass tubes, the optical and

rmaprylecycling tests, and a discussion uf the results.

", Experimental Procedure

Tara ars two basic methods %o electrodeposit coatings on glass. One
mettoc {2 the alectroless orocessa whereby nickel or copper ls deposited
“irrc*.s on an etched glass surface. The olher method is to premetallize the
nlass syrfice before plating so that the surfaces to be coatead can conduct the
elentropla®ing current, The second, and far more common method was chosen
=nre,

For convenience, the [nitial netallized layer was vacuum-geposited.
Hnweyer, there are non-vacuum techniques for premetallizing glass. One method
1505 brush, dlp, or spray-on arganometailic fll.m-.s.s Such fiims of a
oreniags=meta] “ype (Engelhard Llquid Bright Gold, A-3£%4) were tried ano were
subsequently suncessfully copper-plited. However, these films ernibited
ura~enptahle adhesion strength (a precious metal resinste was chasen for tnis
"pronf nf concept™ demonstration because these re«inates reduce to a pure
%3l when “ired In air). The lack of adheslon to the substrate resulted in
dlsnantinging this oresent organometallic film work for the more successful
varuum evanirited tnatings.

Htannard " wm Byrex tub!ng stock was used as the glass substrate in these
axpariments, A or rleaning, a 9.N%:m-thick layer of chromium was vacuum
fepositead on the glass *ubhes, Next, a juym=thick layer sf copper was gepositeu
withaut hreaking vacinam. Twn tubeq were coated Lln this manner. The 0.05um



ahromium and lum copper coatings were deposited, respectively. for achesion %o
the glass and to serve as a base for the subseguent electroplatec copp2r.

Next., bright-acid copper was plated onto the vacuwum-metai.ized tupes.
Plating was started at a very low current density of arouna 6J A/mz. After
about 1% min, the current was increased to the noma. current aJensity 5f atout
32% A/mz. Appraximately 0.005 cm of copper was eiectroplates. This thick
coover layer was plated to carry the heavy currents needed ta electroplate
black chrome.

The copper-plated tubes were electroplated with black chrome ..s51ng a
Chrom-Onyx plating bath‘ at Sandia Labcratories, Albugerque, NM. A
successful tlack chrome electroplate was obtained with a current density of
2an A/m2 far 3 plating time of B8-3/4 min, The two copper-niated tioCces were
hlact: chrome electroplated, and subsequently used In the optica. anc
thermal-cycling testing. Several pieces of 0.M063 cm (0.0025 in.) *hick
roooer fnil were also hlack chrome plated at Sandia in the same bath, as
reference coatirgs for the sample testirg.

*,__Optical and Thermal Cycling Testing

The solar raflertivity R, (= l-a.) of the samples was mes ..red with g
Gier-Cunkle MS-251 Solar Refilc-tometer, and the infrared refieccivit, K.,
(257C) (= l-e 4 (25°C)) was measured with a Gler-Dunkle DB-100 [nfraim)
Reflectometer. Optical measurements were made on varlous bidck cirome
~ratings, including the Sandia copper foll, Berry Sniar foil (zooper,
also).7 arrd the tubes,

The Gler-Dunkle {nstruments are designed to give vaiues of « wno
(?‘°C) for flat surfaces, integrated over the soi4r and 257C bie . k=houy
epectrum, respertively. A sample holder was mecinined from Fakelite in Hroe:
*n measure the values of . and trhy (25°C) for the round tubes. This
sample hnlder was fahricated with one side flat ana the cppnsite side curveq,
A viewina port was machined through the sample holder from the tlat tc the
curverd side, The curved side made a light=tight seal against the tabe <n that
the {Astprogments measured, through thelr viewing parts, refiectivities af g
round partion af 3 *ube,



In orde- “-~ calibrate the optical propertles of round absorver surfaces
agalinst simil flat surfaces, pleces of absorber foll were measured as flat
sJrfacec, and . 30 as curved surfaces by wrapping the foi. around uncoated 28
~r alass ‘ubes, =7 placing the foil-covered tube into the curved sample
m“nlder. (There {+ an implicit assumption here that the angular distrioution
2€ +he aptical proverties Is the same far the curved foil and the coatec giass
*ires,) In Table I, tyoical measurements on the flat and curved folls are
niven, as well as thase for the tubes before thermal-cycling tests were
hecun. Note that the values of R and R (25°C) in Tabie I are
reasonably consistent when comparing the two curved surfaces. The average
-atin nof flat foil R, values to curved foil Rs values Is 1.30. The
average ratin of fiat Foll Ry, (25°C) values to curved foil Ry (25°c)
vaiues 's 1.24. These ratins, measured for the foli whenever Rs and RTH
2<r) values were measured for the tubes, were used as a callbration ts
determine the values of . and £p (25°C) for the curved tubes.

Appiylng “hese ratla corrections to the Rs and Ry (25°C) values for the
nlark-chromed tubes, we can summarize the results In Table II. These vai.as
nf o and (7<C) in Table II (equal to 0.9 and 0.08, resrectively,

“sr hoth *uhes) can be taken as a baseline for the thermal-cycling experiments.

TABLE I

mearioon a€ so0lar and infrared reflectivities, Rs and RTH (25°C),

peg et tyely, Tar FU00 and curved black chrome 2oatinge.
Wnrher R, Rpy (257°0)
L. Sanmdla 7yii, flat 0:55 0.89
2. fnardla ™i', ~urved 0.n4 0.72
1, Berrv fall, ©'at n.08 0.93
4, PRerry fall, “uned 0.6 0.75
€. Tube Nn. | a.0% 0.74

£, Tub» Nn. 7 0.05% 0.73



TABLE II

Measured values of +4 and €y (259C) corrected for tubular
geometry, for various black-chrome seiective absorbers.

Absorber s o (25°C)
l. Sandia fall .65 N.ii
2. PBerry foil 0.92 0.07
3. Tube No. 1 0.54 n.C
4, Tube No. 2 0.94 0.08

The thermal-cycling tests consisted of placing the two black-chrome platec
qlass tubes and a plece of Berry foll Into a vacuum baking system for a periloo
n® tive. The optical properties (:‘s' ETH (25°C)) were then measurea
a®ter each thermal cycling, at progressi::ly higher iLemperatures.

The foil and glass tube samples were vacuum-baked :: 4 x 10'5 tarr In a
quartz-tube fumace chamber. The sample. were baked at inc-c, 200°C,

250%, 300°%C. 350°%C, and 400°C for times ranging from 47 hs tc 165

hs. Significant changes in ag did not occur for the electroplated tubes
until the baking temperature reached the 400°C range. After 165 ns at
ano°c, Tube No. 1 T decreased from the original vaiue ot 2.94 to 0.7¢;

Tube No. 2 T decreased frum an original value of U.%4 to 0.8l. The foii

a, 150 decreased after baking in the 400°C range, from an nriylnal value
of 0.92 to 0.88. The emissivities €., {25°C) of both the tubes and the
Berry foll were little affected by the bakirg process (accuracy faor the
Gler-Ounkcle instrumen®s {5 estimated + 1.5%). It should be motru here tnat.
Tube No. 1, which showed a larger degradation in 3, than dig Tabe No. 2, han
displayed a rougher, pltted surface after :opper electroplating than rfig the
surface nf Tube No, 2.

4, Discussalon

Tube coating samples were ar. .yzed in an effort to understand Wy,
deqraded at a00’C temperatures. These coatings adhered a0 tightly to the
nlass (rue primarily to the {nitial vapor-deposited chromium layer) that smai.
roat.ina «amples could mot he peeled from the giass. Coa’ed yiass-sub:trate



sample pieces were removed from the tubes with a glass-cutting saw. The
samples (from Tube Nn. 1 with the rough surface and Na. 2 with the smooth
sur®ace) were examined by lon and electron microprobes. Both sampl2s yieldec
assentially identical results,

Mass scans on the surfaces of the samples detected the fallowing
aslaments: H, _i, B, C, 0, F, Na, Mg, Al, Si, Ci, ¥, Ca, Pb, and Cu. ALl
rasponses, except For copoer, were of low level, and decreased with sputtering
~“enth, It was concluded that the noncocper elements were present. in surface
zontamiration. The strength of the copper signal obtained from the surface of
the selective roating was approximately 20% of that from pure copper. The
psibility exis®s that the copper signal obtained when examining the surface
2f the hlack chrome layer cauld have resulted from porosity in the layer,
whizh would expose smal! reglons of the underlying cooper. This was
nartirularly suspected for the pitted surface of Tube No. ). However,
twn-dimensional ion Images for copper on the surface did not show any
inrslized high concentration of copper as would be expected from a porous
naating.

One-dimensisnal scans made by the electron microgrobe over the edge of
metallographically onlished cross-sections of both samples produced results
*yoified by those shown in Fig. 1. These results are suggestive of
oenetrat ion 2f the black chrome layer by copper, but not of the reverse. The
‘aver, less thar one micrometer in thickness, is too thin for more accurate
arilvsis by elentron microprobe.

T~ermorymamic calculations -how that copper will not reduce Cr203.

Far penetration 2f cooper by chromium, it seems essentlal that some of the
“r703 wouid have to be reduced tc chromium. These considerations lend
izredence to the indirations that copper has penetrated the black chrome layer,
hut not the reverse. Presumably, the raugher zoating on Tube No. L s
3llobtly thimner, and less uniform, than the coating on Tube No. 2, alinwing
Faster penetration of the blick chrome layer by diffusing copper atams. A
Rarple of .nhaked, nlack-chrome-platec Sandia copper fail was also examinea by
=n*:~ the electron and lon microprobes. As a result Jf these examinations. 1t
~a5 20nc luded that no detentable ropper diffusion had taken place in the
mhalked fofl,

A+ ment{oned, the black-chrome Berry foll did no. show as no'.lceab’e a
tecregse n o (Lv 0 -M.04) as did the tubes (A« -0.20). The reason

A k]



for this 1s apparently a 0.005 cm (0.002 in.) layer of nickel electrodeposizag
on %he coooer before the black chrome.e The nickeli acts as a barrier to
dicf.sion of copper atoms into the electroplated oiack chrome, and, hence,
retards degradation of 45.9 Inclusian of a nickel layer an the giass
“ubes would likewise retard cegiadation of their a vai.es,

It is interesting toc note that diffusion of coppar atoms into physical
vapor deposited (PVD) black chrome does not appear to be a probiem,m as it
is witn electroplated black chrome. It can be hypothesized that electroriated
slack chrome has a more open structure than PVD black chrome that allows
diffusion through interstitial volds.

f, Summary and Conclusions

Glass tubes were PVD coated with thin layers of chromium and copper,
hefore electrodeposition of copper and black chrome. The initial optical
properties of the black-chrome-plated tubes w r¢ excellent (as = 0.94, T
(25°C) = N.0R). Thermal-cycling tests of the tubes revealed relatively
stable optical properties until temperatures around 400°C in vacuum were
reached. Inclusion of an electroplated layer of nickel between the layer- of
copper and black chrome would retard diffusion of copper atoms into the biack
chrome layer and, hence, retard degradation of »_ for the tubes at
temperatures 400%C 1n vacuum. i

Present. ETC absorber surfaces have 15 "~ 0.85, IH (257C) ~ 0.65.
he use of alass tubes eclectrodeposited with black chrome wouid raise ¢, %2
N.94 without increasing r .., (25°C) above 0.08. ’
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Fig. 1.
One-dimensional distributions of Cu and Cr across
Cu substrate and black chrome coating
on glass tubes.
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